A medical TiMoFe alloy with high strength, low elastic modulus and ultrafine grains is prepared using sparking plasma sintering powder metallurgy method. The morphology and the crystal structure of nanocrystals are studied in detail with Tecnai-G2 F20 field emission transmission electron microscopy and Jems-2010 transmission electron microscopy. Two types of phases are found in the TiMoFe alloy. One is Ti-Mo-Fe three alloy phase which is body centered cubic structure with lattice parameter a=0.332 nm and the crystal size in 500-800 nm, representative of β-Ti alloy. Mo and Fe alloy elements reduce the phase transition point of β-Ti, enabling the Ti-Mo-Fe alloy to maintain the body centered cubic structure at room temperature. The other type of phase, a face centered cubic Ti phase with the lattice parameter a=0.431 nm and the crystal size in 200-500 nm, is regarded as a new phase.
Introduction
With the rapid development and significant breakthrough of biological technology, biological materials has become a hot spot of research for scientists from various countries. Biomedical metal materials can be extensively used for a variety of artificial joints, tooth root, dental implant and denture metal bracket lamp, due to the advantage of strong toughness and excellent mechanical properties. To date, the most commonly used biomedical metal materials are stainless steel, Co-Cr alloy and Ti alloy. In comparison to the former two alloys, Ti alloys have distinct advantages, such as small density, low elastic modulus and excellent mechanical properties, biocompatibility and corrosion resistance. Therefore, Ti alloy has been widely applied in medicine and is regarded as one of the most promising biomedical materials. [1, 2] At present, Ti-6Al-4V and Ti-6Al-7Nb with admirable comprehensive performance, has become the preferred material of artificial joint and bone trauma products nail, spinal orthopedic fixation system of medical implant products, and almost occupy the entire field of biological implantation. However, it was found these alloys being implanted in body for a long period would release toxic metal ions (aluminum and vanadium ions) [3] . Moreover, higher elastic modulus for Ti-6Al-4V and Ti-6Al-7Nb than for human skeleton will cause the effect of stress shielding, resulting in the atrophy of normal tissue around the implant, eventually the implant failure [4, 5] . Therefore, developing non-toxic, biocompatible and low elastic module Ti alloy for meeting the clinical needs, has become one of the main research contents of the biomedical metal materials.
For the composition design of Ti alloy, Mo and Fe are generally selected as strengthening elements according to the requirements of biocompatibility, stability of β-Ti, low elastic modulus and high corrosion resistance. For the structure design of Ti alloy, the ultrafine grained Ti alloy has higher strength, larger plasticity, better mechanical properties, adhesion with bone cells, and biocompatibility as compared to the conventional polycrystalline Ti alloy. For the preparation process, the powder metallurgy method has the advantages of uniform product performance, easy control of production cost in preparing fine crystalline materials [6] [7] [8] [9] [10] [11] .
In this paper, the microstructure and crystal structure of ultrafine grained biomedical Ti based alloy were studied with Ti-8Mo-6Fe alloy as the research object.
Experiment
The mixed powder is prepared following the mass fraction ratio of Ti-8Mo-6Fe, put into a powder mixing machine for mixing 6 hours, and put into a ball grinding tank being made from GCr15 bearing steel. Ball material with the ratio to the powder of 10:1 was added with 2% stearic acid as the process control agent (PCA). To prevent the ball milling powder from oxidation, the ball milling process was carried out in an inert atmosphere with high pure nitrogen as protective gas. The sintering of the powders was possessed using the spark plasma sintering system (DR SIN Japan TERING-1050). The whole process of sintering and cooling was conducted under the vacuum condition (vacuum degree less than 10 Pa) with the samples being maintained at the pressure of 40 MPa, the heating rate of 100 ˚C/min, and the sintering temperature insulation time of 5 min.
The sintered alloy was cut into 0.4 mm thick sheet. The thickness was ground to 50 µm, and further reduced to 10 µm with dent meter. After that, the Gatan particle thinning apparatus was used to reduce it to below 200 nm thickness so that the transmission electron beam is able to penetrate the sample for imaging. The morphology, size distribution, crystal structure and elemental composition of the alloy nanocrystals were systematically studied by Tecnai-G2 F20 field emission transmission electron microscopy and Jems-2010 transmission electron microscopy.
The phase analysis of the alloy was conducted using Dmax-RB type 12KW rotating anode X ray analyzer (Japanese Science Ruguka Inc.), with Cu K alpha radiation (a characteristic wavelength of 0.15406 nm) at 40 kV and 200 mA in the scanning angle range of 10 ~100 degrees at a rate of 10˚ /min and the current step of 0.02˚.
Experimental Results and Discussion
Morphology of Ti-8Mo-6Fe Alloy Figure 1 shows the morphology of Ti-8Mo-6Fe alloy by TEM images. Figure 1 (a) and (b) are slightly dim because the selected area is the inner thicker area of the sample. The grain sizes of the Ti-8Mo-6Fe alloy are small (< 1µm). It can be observed that two different shapes and contrasts in the TEM sample: one type of polygonal grain shape with strong diffraction contrast, being black and gray in the TEM photographs; the other elliptic type almost appears white due to the low diffraction contrast. According to the significant contrast in the image of the alloy grains, a number of EDX energy spectrums were analyzed accordingly. The results are shown in Figure 2 , where the spectra of polygonal grains show three elements of Ti, Mo and Fe, and of white elliptic grains exhibit only Ti element. Therefore, the Ti-8Mo-6Fe alloy can be divided into the polygonal Ti-Mo-Fe and ellipse Ti. , from which the crystal structure of pure Ti crystal can be determined. In Figure 3 (b) the diffraction spots arrange in a square pattern indicating cubic or tetragonal crystals. In figure 3 (d) , a hexagonal pattern of diffraction spots corresponds the cubic or hexagonal or trigonal structure. Owning both square and hexagonal diffraction patterns, the crystal must be cubic. We tried body centered cubic and face centered cubic to calibrate these diffraction results, and finally found the face centered cubic structure is consistent with all experimental results as shown in figure 3 (b)-(I). It has been known that pure Ti at room temperature (<822˚C ) is hexagonal, called α-Ti, with the lattice constant a=b=0.295nm, c=0.468nm and α=β= 90˚, γ=120˚. When the temperature is higher than 822˚, the pure Ti transforms to body centered cubic structure, called β -Ti with the lattice constant a=0.332nm. The ellipse pure Ti grains we found in the Ti-8Mo-6Fe alloy with face centered cubic structure should be a new Ti crystal type, which is completely different from either structure mentioned above. The formation mechanism of the FCC Ti merits further investigation. Similarly, for the polygonal Ti-Mo-Fe alloy grains, a series of electron diffraction patterns with different directions were captured. Figure 4 (a) shows the Ti-Mo-Fe morphology in detail. Figure 4 (b) -(g) are the 6 diffraction patterns in 6 different directions. Starting from the characteristic electron diffraction pattern in figure 4 (b) , the diffraction spots are arranged in square, indicating cubic or tetragonal structure. We used β-Ti body centered cubic structure to calibrate all these diffraction spots, and found good agreements for the calibrations in 6 crystal axis directions of Figure 4 (h) -(m). Therefore, the grain size of the polygonal Ti-Mo-Fe alloy is of body centered cubic structure with the same lattice constant as β-Ti. Interestingly, it is observed that semicircle-shaped electron diffuse scattering patterns appears periodically between the diffraction spots as shown in figure 4 (c) -(g) . However, there are no semicircle electron diffuse scattering patterns in [100] direction of Ti-Mo-Fe alloy, indicating that Mo, Fe atoms regularly segregate in the close packed planes {110} in the body centered cubic Ti forming periodical distributions of nanometer micro-domains. We concluded that the micro-domains are the key reasons why Ti could keep body centered cubic structure at room temperature without transforming into close-packed hexagonal structures, and why the β-Ti alloy containing Mo, Fe elements remains stable at room temperature. table 1 and table 2 , respectively. From the comparison between results of XRD diffraction and electron diffraction, it is found very good agreement can be achieved. The XRD diffraction results further proved the existence of two phase contained in Ti-8Mo-6Fe alloy. The 6 peaks correspond to the {111} {200} {220} {311} {222} {400} crystal plane of the face centered cubic Ti, and the other 5 peaks correspond to the {110} {200} {211} {220} {310} crystal plane of the body centered cubic Ti-Mo-Fe alloy, respectively. The height of the XRD diffraction peak 1 of Ti-Mo-Fe alloy is significantly higher than that of pure Ti, showing much larger volume fraction for Ti-8Mo-6Fe alloy than for pure Ti phase, which is in accordance with the results of TEM images microstructure morphology and distribution.
Crystal Structure of Polygonal Ti-Mo-Fe alloy Grains

XRD Diffraction Results
Summary
The microstructure and crystal structure of Ti-8Mo-6Fe alloy prepared by hot isostatic pressing via SPS sintering method were analyzed carefully. Following are three main conclusions:
The microstructure of the Ti-8Mo-6Fe alloy is uniform with fine crystal grain, containing two phases, a polygonal Ti-Mo-Fe alloy with the grain size of 500-800 nm, and an elliptic element Ti phase with the grain size of 200-500 nm; A FCC structure of nano elemental Ti crystal was found in the Ti-8Mo-6Fe alloy, with the lattice constant of a=0.431 nm; Ti-Mo-Fe phase in Ti-8Mo-6Fe alloy remains BCC β-Ti structure at room temperature. Mo and Fe elements are the main reason for stabilizing the β-Ti phase alloy.
